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I. INTRODUCTION
The investigation of rare B decays induced by the flavor-changing neutral current (FCNC) transitions b → s and b → d represents an important test of the standard model (SM) and its extensions (see [1] for a review).
Among the rare decays, the process b → sℓ + ℓ − , where the virtual photon is converted to the lepton pair, is of considerable interest. This decay proceeds through a loop (penguin) diagram, to which high-mass particles introduced in various extensions to the SM may contribute with sizable amplitudes. In this decay the angular distributions and lepton polarizations can probe the chiral structure of the matrix element [2] [3] [4] [5] [6] [7] [8] and thereby effects of the new physics (NP) beyond the SM.
In order to unambiguously measure effects of NP in the observed processB 0 d →K * 0 (→ K − π + ) ℓ + ℓ − (l = e, µ), mediated by b → sℓ + ℓ − decay, one needs to calculate the SM predictions with a high accuracy. The amplitude in the SM consists of the short-distance (SD) and longdistance (LD) contributions. The former are expressed in terms of the Wilson coefficients C i calculated in perturbative QCD up to a certain order in α s (µ); they carry information on processes at energy scales ∼ m W , m t . The LD effects describing the hadronization process are expressed in terms of matrix elements of several b → s operators between the initial B and the K * final state. These hadronic matrix elements are parameterized in terms of form factors [4] that are calculated in various approaches (see, e.g., [9, 10] ).
The additional LD effects, originating from intermediate vector resonances ρ(770), ω(782), φ(1020), J/ψ(1S), ψ(2S),. . ., in general, may complicate theoretical interpretation and make it more model dependent. The vector resonances modify the amplitude and thus may induce, * Electronic address: korchin@kipt.kharkov.ua † Electronic address: koval@kipt.kharkov.ua for example, the right-handed currents which are absent in the SM.
Present experimental studies [11] [12] [13] of the B → K * ℓ + ℓ − decay aim at the search of effects of the NP in the whole region of dilepton invariant mass m ee ≡ q 2 GeV (here q = q + + q − ). In these analyses certain cuts are applied in order to exclude a rather big charmonia contribution.
Recently also the region of small dilepton invariant mass, m ee 1 GeV, attracted attention [2] , as having a potential for searching signatures of the NP. The authors of [14] analyzed the azimuthal angular distribution in the decayB 0 →K * 0 ℓ + ℓ − in this region, to test the possibility to measure this distribution at the LHCb. They have shown the feasibility of measurements with small systematic uncertainties. In Ref. [15] the influence of the low-lying resonances ρ(770), ω(782) and φ(1020) on differential branching ratio, polarization fraction of the K 0 * and transverse asymmetry A (2) T has been studied. In the present paper we extend calculations of [15] to the whole region of dilepton invariant mass up to m max ee = m B − m K * = 4.39 GeV. The effective SM Hamiltonian with the Wilson coefficients in the next-to-next-to-leading order (NNLO) approximation is applied. The LD effects mediated by the resonances, i.e.B 0 →K * 0 V →K * 0 e + e − with V = ρ(770), ω(782), φ(1020), J/ψ, ψ(2S), . . ., are included explicitly in terms of the helicity amplitudes of the decaysB 0 →K * 0 V . The information on the latter is taken from experiments if available; otherwise it is taken from theoretical predictions.
The fully differential angular distribution over the three angles and dilepton invariant mass for the fourbody decayB
− is analyzed. We define a convenient set of asymmetries which allows one to extract these asymmetries from the angular distribution once sufficient statistics is accumulated. These asymmetries may have sensitivity to various effects of the NP, although in order to see signatures of these effects, the resonance contribution should be accurately evaluated.
One of the ingredients in calculation of the resonance contribution is the transition vertex V γ. This vertex is conventionally treated in the vector-meson-dominance (VMD) model. In the present paper we apply two versions of the VMD model (called subsequently VMD1 and VMD2) which result in rather different V γ vertices, in particular, far from the vector-meson mass shell q 2 = m 2 V . Specifically, due to explicit gauge-invariant construction of the VMD2 Lagrangian the V γ transition is suppressed in the region q 2 ≪ m 2 V (for V = J/ψ, ψ(2S), . . .). This observation may be important for estimation of resonance contribution to those asymmetries, which are small in the SM.
One should mention that the cc vector resonances J/ψ, ψ(2S), . . . have been included earlier in Refs. [16] in the analysis of theB 0 →K * 0 µ + µ − decay. This method of including resonances has been originally suggested in [17] . In order to see sensitivity of observables to the method of including the cc resonances, we perform calculations using the two methods, and compare the results.
Results of the present calculations are compared with the recent data from Belle (KEKB) and CDF (Tevatron) experiments for the differential branching, asymmetry A (2) T , longitudinal polarization fraction of K * and forward-backward asymmetry.
The paper is organized as follows. In Sec. II A the fully differential angular distribution is discussed. In Section II B one-dimensional distributions and definition of asymmetries are defined. Section II C contains expressions for the transversity amplitudes in framework of the SM. The models of vector-meson dominance and contributions of vector resonances to the amplitudes are discussed in Sec. II D. Results for the dependence of observables on the invariant mass squared are presented in Sec. III A. In Sec. III B we compare two approaches to inclusion of vector resonances in the amplitudes of thē B 0
In Sec. IV we draw conclusions. In Appendix A some details of the calculation of the matrix element and the model of the B → K * transition form factors are described. Appendix B deals with calculation of theB 0 →K * 0 V amplitudes for the off-mass-shell vector meson V . [32] , is completely described by four independent kinematic variables: the electron-positron pair invariant-mass squared, q 2 , and the three angles θ l , θ K , φ. In the helicity frame (Fig. 1) , the angle θ l (θ K ) is defined as the angle between the directions of motion of e + (K − ) in the γ * (K * 0 ) rest frame and the γ * (K * 0 ) in theB 0 d rest frame. The azimuthal angle φ is defined as
II. ANGULAR DISTRIBUTIONS AND AMPLITUDES FOR THEB
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FIG. 1:
Definition of helicity angles θ l , θK, and φ, for the decayB
Here i, j = (0, , ⊥), we have neglected the electron mass m e and A 0L(R) , A L(R) and A ⊥L(R) are the complex decay amplitudes of the three helicity states in the transversity basis, f L , f and f ⊥ are polarization parameters of
where m K * is the mass of the K * 0 meson, and
Here, V ij are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [18] , G F is the Fermi coupling constant, α em is the electromagnetic fine-structure constant. With its rich multidimensional structure, the differential decay rate in Eq. (1) has sensitivity to various effects modifying the SM, such as CP violation beyond the CKM mechanism and/or right-handed currents. Given sufficient data, all α k can, in principle, be completely measured from the full angular distribution in all three angles θ l , θ K , and φ.
B.
One-dimensional angular distributions and asymmetries
The one-dimensional angular distributions in cos θ l and cos θ K simply are
and
where dĀ
FB /dq 2 is the normalized lepton forwardbackward asymmetry
While
The measurement of the lepton forward-backward asymmetry dĀ 
where
Measuring the asymmetry A z l for z = z l ≈ 0.596 (cos 3 θ l + 3 cos θ l − 2 = 0), we can find the fraction of the longitudinal polarization of the K * meson
Similarly, measuring the asymmetry A zK for z = z K = 2 cos 
Finally, the one-dimensional angular distribution in the angle φ between the lepton and meson planes takes the form
T cos 2φ − A Im sin 2φ , (13)
where the asymmetry A
T (q 2 ) is sensitive to new physics from right-handed currents, and the amplitude A Im (q 2 ) is sensitive to complex phases in the hadronic matrix elements. Sometimes A (2) T (q 2 ) is called transverse asymmetry [5] .
Measurement of the angular distribution in the azimuthal angle φ allows one to determine the quantities
Measurement of the azimuthal angle dependence of the forward-backward asymmetry for positrons and
Re(a 0 a
will allow one to find Re(a 0 a * ) and Im(a 0 a * ⊥ )
Measurement of the azimuthal angle dependence of the forward-backward asymmetry for
will allow one to find Re(a 0L a * ⊥L − a 0R a * ⊥R ) and
C.
Transversity amplitudes
The nonresonant amplitudes follow from the matrix element of theB
where the form factors enter as
In the above formulas the definitionm
* transition form factors, specified in Appendix A.
D. Resonant contribution
Next, we implement the effects of LD contributions from the decaysB Fig. 2 ). We ap- ply vector-meson dominance (VMD) approach. In general, the V γ transition can be included into consideration using various versions of VMD model. In the "standard" version (see, e.g. [19] , chapter 6), the V γ transition vertex can be written as
where q is the virtual photon (vector meson) fourmomentum, g µν is the metric tensor, Q V is the effective electric charge of the quarks in the vector meson:
The decay constants of neutral vector mesons f V can be extracted from their electromagnetic decay width, using
This version of VMD model will be called VMD1. The vertex (32) comes from the transition Lagrangian
A more elaborate model (called hereafter VMD2) originates from Lagrangian
Lagrangian (36) is explicitly gauge invariant, unlike Eq. (35), and gives rise to to the V γ * vertex
This transition vertex is suppressed at small invariant masses, q 2 ≪ m 2 V , i.e. in the region far from the vectormeson mass shell [33] .
Note that these two versions of the VMD model have been discussed in Refs. [20, 21] . The VMD2 version naturally follows from the Resonance Chiral Theory [22] ; in this context VMD2 coupling has been applied in [23] for studying electron-positron annihilation into π 0 π 0 γ and π 0 ηγ final states.
Parameters of vector resonances are presented in Table I. Based on VMD approach, we obtain the total amplitude including nonresonant and resonant parts,
is the usual Breit-Wigner function for the V meson resonance shape with the energy-dependent width The energy-dependent widths of light vector resonances ρ, ω and φ are chosen as in Ref. [15] . The updated branching ratios for resonances decays to different channels are taken from [24] . For the cc resonances J/ψ, ψ(2S), . . . we take the constant widths.
In order to calculate the resonant contribution to the amplitude of theB 0 d →K * 0 e + e − decay, one has to know the amplitudes of the decaysB
. . At present the amplitudes of theB
decays are known from experiment [24] , therefore, we use these amplitudes for calculation of invariant amplitudes in Appendix B in Table VI . For the light resonances ρ and ω we use the theoretical prediction [25] for the decay amplitudes. At the same time, we are not aware of a similar prediction for the higher cc resonances, such as ψ(3770) an so on, therefore we do not include contribution of these resonances to amplitudes.
The parameters of the model are indicated in Table II . The SM Wilson coefficients have been obtained in [7] at the scale µ = 4.8 GeV to NNLO accuracy. In our notation (see Appendix A 1) these coefficients are given in Table III . In the numerical estimations, we use the form factors from the light-cone sum rules (LCSR) calculation [9] . Table VI ). As is seen in Fig. 3 , predictions of VMD1 and VMD2 models differ for f L , A FB and A In addition, VMD1 and VMD2 models lead to a qualitatively different behavior of longitudinal fraction f L at small q 2 (the upper right panel in Fig. 3 ). The data demonstrate that f L → 0 at very small q 2 , that is in agreement with calculation in the VMD2 model. In general, from comparison with data the VMD2 version seems somewhat more preferable.
III. RESULTS OF THE CALCULATION FOR THEB
Let us comment on the coefficient A
T in the azimuthal distribution (13) , plotted in Fig. 3 (the lower right panel) . According to the definition (14) and due to the properties of the K * polarization fractions 0 f , ⊥ 1, the coefficient A
T is constrained:
The calculation in the SM with resonances yields the values of A (2) T which are much smaller than the data (see Fig. 3 ). In this connection we note that the experimental uncertainties are still big, and it is not clear if the measured q 2 -dependence of A
T indeed lies in the limits (42).
It is seen from [9] . The data from Belle (KEKB) [12] and CDF (Tevatron) [13] are shown by the circles and boxes respectively. Due to the choice of reference frame in Fig. 1 , the forward-backward asymmetry AFB in Refs. [12, 13] is related to asymmetry in Eq. (12) via AFB = −dĀ charmonia resonances we calculate the total branching ratio in Table IV . Calculation over the whole allowed interval of invariant masses, shown in the 2nd column, demonstrates a very big resonance contribution. Usually in experimental analyses [11] [12] [13] certain cuts are applied in order to cut out the charmonia contributions (the so-called charmonia veto). In the 3rd column of Table IV we used the integration region with the following cut out intervals taken as in the BaBar analysis [11] for the e + e − pairs: 8.11 q As is seen, the cc-resonances contribution is completely eliminated. The result obtained in the VMD2 model becomes close (within a few percent) to the calculation without resonances. At the same time the VMD1 calculation still yields a big value of branching ratio, which is due to the steep rise of the differential branching at small invariant masses in Fig. 3 .
The calculations, presented in Table IV , are the predictions of our model for the current experiments carried out at LHCb [14] . We can also compare predictions (with veto) in Table IV for the B 0 → K * 0 µ + µ − decay at CDF [13] , and (1.02
−0.28 ± 0.06) × 10 −6 for the B 0 → K * 0 e + e − decay at BaBar [11] .
In Figs. 4 we present asymmetries calculated according to Eqs. (14)- (16), (18) , (19) , (21), (22) . 0 is the J P = 0 + Kπ component [27] .
B. Comparison of two approaches to including the resonances
Earlier in the literature [17] it has been suggested to combine the factorization assumption and VMD approximation in estimating LD effects for the B decays. This can be accomplished in an approximate manner through the substitution
where the properties of the vector mesons ψ = J/ψ(1S) , ψ(2S) , . . . , ψ(4415) are summarized in Table I ,
, and the Wilson coefficients are presented in Table III .
The last term in Eq. (43) describes the LD contribution of the real intermediatec c states, k ψ = |k ψ | e iδ ψ is the factor that the B → K * ψ amplitude, calculated using naive factorization, must be multiplied by to get the measured B → K * ψ rate. Under naive factorization, the branching ratio for
We calculate the values of k ψ for each cc resonance using experimental information from Tables I and VI and equation Using the form factors A 1 , A 2 , V in the LCSR model [9] we find the values: |k J/ψ | = 0.894, |k ψ(2S) | = 0.841 and for the higher resonances the average of the |k J/ψ | and |k ψ(2S) | is used. The phase of k ψ is chosen zero as in the factorization approach. Note, that the above values of the parameters k ψ are considerably smaller that the values used in the earlier papers [4, 16, 17] . Therefore we can expect the smaller resonance contribution to the differential branching and forward-backward asymmetry as compared with results of these papers.
Using Eqs. (43), (23)- (25) we calculate the observables for theB [4] .
Secondly, in Fig. 6 we present asymmetries, which strongly depend on the method of including resonances. As for asymmetries A (2) T and A 5 , these two methods give essentially different predictions in the region of resonances J/ψ and ψ(2S), while far from the resonance region, the predictions coincide with the non-resonant calculations. In the other asymmetries, A 4 , A 6 and A 9 , the two methods give different predictions not only in the resonance region but also at q 2 away from resonances.
IV. CONCLUSIONS
The rare FCNC decayB
has been studied in the whole region of electron-positron invariant masses up to m B − m K * . The fully differential angular distribution over the three angles and dilepton invariant mass for the four-body decayB
− is analyzed. We defined a convenient set of asymmetries which allows one to extract them from measurement of the angular distribution once sufficient statistics is accumulated. We performed calculations of the differential branching ratio, polarization fractions of K * meson and asymmetries. These asymmetries may have sensitivity to various effects of NP, although in order to see signatures of these effects the resonance contribution should be accurately estimated.
Contribution of the intermediate vector resonances in the processB
, ω(782), φ(1020), J/ψ, ψ(2S), decaying into the e + e − pair, has been taken into account. Various aspects of theoretical treatment of this long-distance contribution have been studied. The important aspect is the choice of the VMD model, describing the V γ transition. We used two variants of the VMD model, called here VMD1 and VMD2 versions, in particular, the VMD2 one is explicitly gauge-invariant and yields a V γ vertex which is suppressed at small values of the photon invariant mass far from the vectormeson mass shell. This is especially important in the treatment of the high-lying J/ψ and other cc resonances at values q 2 ≪ m 2 V . Some of the observables appeared to be rather sensitive to the choice of the V γ vertex. Based on comparison of calculation with the recent data from Belle and CDF experiments we can conclude that the VMD2 version is somewhat more preferable.
For the vertexB 0 d →K * 0 V we used an off-mass-shell extension of the helicity amplitudes describing production of on-shell vector mesons. For the latter the experimental information is used if available, and otherwise theoretical predictions.
The total branching ratio of the decayB the cc-resonance contribution, we also applied the "charmonia veto" as is usually done in experimental analyses [11] [12] [13] . Then our prediction for the total branching becomes BR = 1.01 × 10 −6 (1.03 × 10 −6 ) for the SM calculation without resonances (with resonances in VMD2 model).
All asymmetries are calculated in the whole region of invariant masses. The polarization asymmetry A (2) T (and and A 6 ∼ 10 −3 ; inclusion of the resonances changes behavior of these asymmetries considerably.
Our calculations are compared with recent data [12, 13] for q 2 -dependence of the differential branching ratio, longitudinal polarization fraction of K * , forward-backward asymmetry A FB and transverse asymmetry A (2) T . On the whole, results of calculation are in reasonable agreement with the data.
We also compared predictions of our method with other existing in the literature method of including the cc resonances through a modification of the Wilson coefficient C ef f 9V [17] . Our calculation shows that a few observables (differential branching ratio, forward-backward asymmetry and asymmetry A 8 ) are independent of the calculation method, if the parameters |k ψ | in Eq. (43) are equal to: 0.894 for J/ψ, 0.841 for ψ(2S) and 0.8675 for the higher cc resonances. The phase of k ψ is chosen zero. These values are considerably smaller that the values used in [4, 16, 17] .
At the same time there exist asymmetries, predictions for which are substantially different in these two methods, namely, A (2) T , A 5 are different in the vicinity of resonances J/ψ and ψ(2S), while A 4 , A 6 , A 9 are different in the whole region of invariant masses. Thus measurement of the latter asymmetries may also be useful for selecting a more adequate method of including the long-distance resonance contribution to thē
Calculations performed in the present work may be useful for experiments aiming at search of effects of the NP in the decayB
Appendix A: Matrix element and form factors
Matrix element
The effective Hamiltonian for the quark-level transition b → s e + e − within the SM is well-known and can be taken, e.g., from Ref. [1] . It is expressed in terms of the local operators O i and Wilson coefficients C i , where i = 1, . . . , 6, 7γ, 8g, 9V, 10A.
The matrix element of this effective Hamiltonian for the nonresonant decayB 0 d (p) →K * 0 (k, ǫ) e + (q + ) e − (q − ) can be written, in the so-called naive factorization [1] , as
Here, P L,R = (1 ∓ γ 5 )/2 denote chiral projectors, and
is the running bottom (strange) quark mass in the MS scheme at the scale µ. Moreover,
, where Y (q 2 ) is given in Ref. [26] . Note that in the framework of the
. The "barred" coefficientsC i (for i = 1, . . . , 6) are defined as certain linear combinations of the C i , such that theC i coincide at leading logarithmic order with the Wilson coefficients in the standard basis [28] . The coefficients C i are calculated at the scale µ = m W , in a perturbative expansion in powers of α s (m W ), and are then evolved down to scales µ ∼ m b using the renormalization group equations.
The MS masses m b (µ) and m s (µ) are calculated according to Refs. [29, 30] and are given in Table II .
Form factors of
The hadronic part of the matrix element in Eq. (A1) describing the B → K * e + e − transition can be parametrized in terms of B → K * form factors, which usually are defined as with
A 0 (0) = A 3 (0) ;
K * (k, ǫ) |s σ µν γ 5 q ν b|B(p) = T 2 (q 2 )(ǫ * µ (P · q) − (ǫ * · q)P µ )
with T 1 (0) = T 2 (0). In the above equations, q = p − k, P = p + k, p 2 = m 2 B , k 2 = m 2 K * , ǫ µ is the polarization vector of the K * meson, ǫ * · k = 0, and ε 0123 = 1. The q 2 dependence of the B → K * form factors given in [9] is parametrized as
where the fit parameters r 1,2 , m 
where BR(. . .) is the branching ratio of B 
